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Combining Renewable Energy Measures   
Photovoltaics

Daylighting

Biomass Heat/PowerConcentrating Solar 

Heat/Power
Solar Vent Air Preheat

Solar Water HeatingWind Power

Ground Source Heat 

Pump
Landfill Gas
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Best Mix of Renewable Energy 

Technologies Depends on:

• Renewable Energy Resources

• Technology Characterization
– Cost ($/kW installed, O&M Cost)

– Performance (efficiency)

• Prevailing Utility Rates

• State, Utility and Federal Incentives

• Economic Parameters
– Discount rates

– Fuel Escalation Rates

• Statutes, Regulations, Mandates



4

Example of NREL GIS Data

Wind Energy in vicinity of Fairfield CA 
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"Everything should be made as 

simple as possible, …

…but not simpler." 

Albert Einstein
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Technology Characteristics

Heuristic Models

Cost

(Size, m2)*(Unit Cost, $/m2)

Performance

(Size, m2)*(Resource, kWh/m2)*(efficiency)
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y = 10605x-0.2182

R2 = 0.9506
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Characteristics of Wind Power Technology 

Wind Turbine Efficiency 35%  

Capital Cost $1,528 $/m2 swept area 

O&M Cost  7.9 $/year/kW 

Power/Area 0.46 kW/m2 

Capital Cost 3300 $/kW 

Wind cost and performance data from “Forces Behind Wind Power.” Louise Guey-Lee 
http://www.eia.doe.gov/cneaf/solar.renewables/rea_issues/wind.html, 2/2001. 
 
PG&E Available Funding and Program Statistics (updated 06/05/07) 
http://www.pge.com/suppliers_purchasing/new_generator/incentive/available_funding_and_pro
gram_statistics.html 

 

Tower Height 2.5 times blade length, m

Wind Shear Exponent 0.115

acres per MW 60

Wind Turbine Efficiency 28%

Wind Speed Turbine Rated at 15 m/s

Capital Cost $10,605 $/kW

-0.2182

O&M Cost 7.9 $/year/kW

Minimum Capital Cost 2000 $/kW

Maximum Capital Cost 11000 $/kW

Technology 

Characteristics:

Wind Power
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Comparison of TEAM REO and Site Visit Reports for DOE Sites
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Stochastic Integration of Renewable Energy Technologies by the 

method of Polynomial Expansion (SIRET)

This simplified figure shows seven possible states the system could be in, 

but the model actually has 128 states for seven technologies. 

100%
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Optimization Procedure

Site Data

Geographical Information System (GIS) Data 

Incentive Data from DSIREUSA.ORG

PV SVPWind DaylightingSWH CSP Biomass

Dispatch Algorithm

Life Cycle Cost

Technology Characteristics.

Optimization
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$10,000

$100,000

$1,000,000

$10,000,000

$10,000 $100,000 $1,000,000 $10,000,000

Hourly Simulation REO

CO Commercial $655,076 $614,862

CO Industrial $5,158,624 $5,870,856

CO Residential $62,117 $49,463

WA Commercial $460,039 $568,455

WA Industrial $3,149,595 $4,533,277

WA Residential $53,587 $62,304

AZ Commercial $555,003 $522,448

AZ Industrial $4,469,720 $4,891,129

AZ Residential $53,567 $41,256

Compare/Contrast with Hourly 

Simulation

Comparison of Annual Average and Hourly Simulation in Renewable Energy Technology System Sizing 

Christine L. Lee, University of Colorado at Boulder, 2009

REO

Simulation

Life Cycle Cost ($)
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Optimization Problem

Determine the least cost

combination of renewable

energy technologies for a

facility

Objective: Minimize Life Cycle 
Cost ($)

Variables: Size of Each 
Technology (kW of PV, kW of 
wind, etc)

Constraints: such as 100% of 
energy from renewables
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Variables in the Optimization
1. kW of photovoltaics

2. kW of wind power

3. Sf of solar water heating

4. Sf of solar ventilation air preheating

5. Sf of solar parabolic trough collectors

6. Thermal storage (therms)

7. kW of solar thermal electric cogeneration

8. Mbtu of biomass gasifier capacity

9. kW of biomass gasifier cogeneration

10.Ft3 of biomass anaerobic digester

11.kW of biomass anaerobic digester cogeneration

12.Percent ceiling area skylights for daylighting

13.MCF of landfill gas collection system

14.kW of landfill gas cogeneration

15.Tons of ground source heat pump capacity
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Examples of Renewable Energy 

Optimization (REO) Net-Zero Analysis

• National Zoo, DC

• Frito Lay North America plants (7)

• San Nicolas Island, CA

• USCG REPFAC Hawaii

• Shoshone Net Zero National Forest

• Others….
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REO Example: Net Zero Zoo

National Zoological Park (NZP) and Conservation Research Center 

(CRC), Washington DC
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Daylighting (Mbtu)

Biomass (Mbtu)

Solar Themal (Mbtu)

Solar Water Heating

Solar Vent Preheat (Mbtu)

Wind (Mbtu)

Photovoltaics (Mbtu)

Other Fuel (Mbtu)

Natural Gas (Mbtu)

Electric (Mbtu)
Electric 

generation 

at CRC

Cancels 

remaining 

gas use at 

NZP

Photovoltaics 

Size (kW)

Wind 

Capacity 

(kW)

Solar Vent 

Preheat 

Area (ft2)

Solar Water 

Heating 

Area (ft2)

Biomass 

Gasifier Size 

(M Btu/h)

Biomass 

Cogeneration 

Size (kW)

Anaerobic 

Digester Size 

(FT3)

Anaerobic 

Digester 

Cogeneration 

Size (kW)

Daylight 

Aperture 

(Skylight) Area 

(ft2)

Natl. Zoological Park, DC 638 0 10655 7,535 10.996 1,168 3,723 12 21221

Cons. Res. Cntr., VA 224 14,500 8,075 2,180 0.000 0 459 0 6476

Total 862 14,500 18,730 9,715 10.996 1,168 4,182 12 27697

http://en.wikipedia.org/wiki/Image:Washington_Zoo_entrance.jpg
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Name 

Basecase 
Life Cycle 
Cost ($) 

RE Case Life 
Cycle Cost ($) 

Initial Cost $0 $45,858,421 

O&M Cost $0 $13,135,266 

Biomass Fuel Cost $0 $5,762,545 

Gas Cost $17,323,188 $5,713,053 

Electric Cost $34,914,085 $7,196,488 

Production 
Incentives $0 -$2,887,806 

Total $52,237,272 $74,777,968 

 

REO Example (continued): Net Zero Zoo

National Zoological Park (NZP) and Conservation Research Center 

(CRC), Washington DC
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Example: Frito Lay North America

Minimum Life Cycle Cost (Net Zero constraint)
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Electric (Mbtu) Natural Gas (Mbtu) Other Fuel (Mbtu)

Photovoltaics (Mbtu) Wind (Mbtu) Solar Vent Preheat (Mbtu)

Solar Themal (Mbtu) Biomass (Mbtu) Daylighting (Mbtu)
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Example: Frito Lay Optimization 

for Seven Manufacturing Plants

Constraint: Net Zero

Photovoltaics 

Size (kW)

Wind 

Capacity 

(kW)

Solar Vent 

Preheat 

Area (ft2)

Solar 

Thermal 

Area (ft2)

Biomass 

Boiler Size 

(M Btu/h)

Biomass 

Cogeneration 

Size (kW)

Daylighting 

Office Utility 

Skylight/Floor 

Area Ratio

Daylighting 

Warehouse 

Skylight/Floor 

Area Ratio

Plant #1 200 491 5456 509196 19 1669 2.2% 2.1%

Plant #2 0 6187 8953 391987 87 3097 3.8% 2.0%

Plant #3 0 3107 13098 469621 44 3180 4.9% 3.6%

Plant #4 1011 1000 10213 1360535 78 4108 3.4% 1.8%

Plant #5 1003 998 10327 704140 44 3327 6.1% 3.4%

Plant #6 0 0 10322 1529609 74 6020 err err

Plant #7 0 3699 10802 673761 43 2193 3.3% 3.7%
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REO Example: Minimize Life Cycle Cost

US Navy San Nicolas Island CA
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Daylighting (Mbtu)

Anaerobic Digester (Mbtu)

Biomass Gasifier (Mbtu)

Biomass Combustion

(Mbtu)

Solar Themal (Mbtu)

Solar Water Heating

Solar Vent Preheat (Mbtu)

Wind (Mbtu)

Photovoltaics (Mbtu)

JP5 Fuel (Mbtu)

Wind 

Capacity 

(kW)

Solar 

Vent 

Preheat 

Area 

(ft2)

Solar 

Water 

Heating 

Area 

(ft2)

Anaerobic 

Digester 

Size 

(FT3)

Anaerobic 

Digester 

Cogeneratio

n Size (kW)

Daylight 

Aperture 

(Skylight) 

Area (ft2)

Building Measures 0 10437 15,441 209 0 12712

Central Plant 644 0 0 0 0 0

Total 644 10,437 15,441 209 0 12712
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USCG Facility
Diamond Head, HI

with incentives

Initial Cost for Renewable Energy Projects ($) $90,868

Annual Electric Savings (kWh/year) 39,074

Annual Cost Savings ($/year) $5,972

Simple Payback Period (years) 15.2

Rate of Return 7.0%

Percent Renewables 100%

Sizes of Each Technology:

Photovoltaics (kW) 14.6

Wind Energy (kW) 2.4

Solar Water Heating (sf) 137.8

Skylight Area (sf) 272.4



Shoshone Net Zero National 

Forest
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Initial Cost for Renewable Energy Projects ($) $2,066,502 

Annual Electric Savings (kWh/year) 1,279,090  

Annual Gas/Fuel Savings (therms/year) 6,467 

Annual Cost Savings ($/year) $11,484 

Simple Payback Period (years) 180.0 

Rate of Return  -7.0% 

Percent Renewables 100.0% 

Life Cycle Savings ($) -$1,680,866 

 

Photovoltaics (kW) 47

Wind Energy (kW) 563

Solar Ventilation Air Preheat (sf ) 4183

Solar Water Heating (sf ) 305
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“It's so much easier to 

suggest solutions 

when you don't know 

too much about the 

problem.”

- Malcolm Forbes

Thank You!

Andy Walker

Senior Engineer

National Renewable Energy Laboratory

Andy_Walker@nrel.gov

“Simplicity is quite 

often the mark of 

excellence.”

-Allen Bennett, SMDC

mailto:Andy_Walker@nrel.gov

